In Brief
The mechanisms that guide the diversity and organization of GABAergic interneurons are not well understood. Harwell et al. show that interneurons derived from the same clonal lineage are composed of diverse subtypes that are widely dispersed throughout the forebrain.
INTRODUCTION
The cerebral cortex is one of the most intricate structures in the mammalian nervous system and is responsible for complex behaviors associated with cognitive function. Nearly all cortical neurons are produced during a limited time window of cortical neurogenesis that occurs during embryonic development (Miller and Gauthier, 2007) . In the dorsal telencephalon, radial glia (RG) that line the lateral ventricles and outer RG (oRG) that reside in the subventricular zone divide asymmetrically to produce intermediate progenitor cells (IPCs) and neurons (Hansen et al., 2010; Noctor et al., 2001 Noctor et al., , 2004 Wang et al., 2011) . In rodents, the IPCs divide symmetrically to produce pairs of excitatory neurons (Haubensak et al., 2004; Noctor et al., 2004) . Clonally related excitatory neurons migrate along the scaffold of RG fibers to form radial arrays across cortical layers (Noctor et al., 2001; Rakic, 1988; Vasistha et al., 2014) .
Recent work has implicated clonal relationships among excitatory pyramidal neurons in the formation of stereotypical cortical microcircuitry (Yu et al., 2009 ). In contrast, inhibitory interneurons are produced in the embryonic ventral telencephalon and follow a complex migratory route, including a phase of prolonged tangential migration, in order to populate the cortex and hippocampus, as well as subpallial structures such as the striatum and amygdala (Anderson et al., 2001 (Anderson et al., , 2002 Nery et al., 2002; Tricoire et al., 2011; Wonders and Anderson, 2006) . Nearly all GABAergic interneurons in the brain arise in the medial ganglionic eminence (MGE) and caudal ganglionic eminence (CGE) (Butt et al., 2005; Nery et al., 2002; Wonders and Anderson, 2006; Xu et al., 2004) . MGE progenitors mostly give rise to two functionally distinct subtypes of interneurons: parvalbumin (PV)-expressing fast spiking interneurons and somatostatin (SOM)-expressing non-fast-spiking interneurons. MGE progenitors are molecularly defined by the expression of the homeodomain transcription factor Nkx2.1, which is required for interneuron migration and specification of mature interneuron identity (Butt et al., 2008; Nó brega-Pereira et al., 2008) . The extrinsic signals involved in regulating the migration and positioning of newborn interneurons have been extensively studied (Marín, 2013) . However, the roles of intrinsic determinants, such as clonal lineage, and their possible contribution to the distribution of MGE-derived interneurons remain poorly understood. In this study, we seek to determine the relationship between clonal identity and final position of interneurons by utilizing a retroviral barcode library targeted to infect Nkx2.1-expressing progenitor cells. This approach revealed that single progenitor cells can produce cells of both SOM and PV subtypes, that clonally related interneurons can disperse widely throughout different structural and functional regions of the brain, and that cells from unrelated clones can cluster together with a non-random distribution.
RESULTS
To identify the morphological features and proliferative status of cells in the ventral telencephalon, we performed in utero intraventricular retrovirus injections in embryonic mouse brains at gestational day 12.5 (E12.5) (Walantus et al., 2007) , coinciding with peak neurogenesis (Butt et al., 2005; Miyoshi et al., 2007) . We examined interneuron progenitor cells in the MGE (Anderson et al., 2001) 24-90 hr after infection ( Figures 1A-1C) . MGE progenitors infected with GFP-expressing retroviruses produced radial clusters of cells similar to those previously observed in the dorsal telencephalon (Noctor et al., 2001) . Examination of the MGE 24 hr after injection revealed either single cells or multi-cell clones primarily composed of two cells, typically both Ki67-positive ( Figure 1A ). Nearly all Ki67-positive cells at this time point were RG or IPCs based upon known morphological features (97%, n = 4 brains, 35 cells) (Noctor et al., 2004) . At later time points (48-90 hr), clonal clusters consisted of two to eight cells (3.12 ± 1.26 cells per cluster at 48 hr, n = 49 clusters) containing one RG cell with a single apical process attached to the ventricular surface, along with several presumptive multipolar IPCs and newborn neurons ( Figures 1B and 1C) .
To examine the division patterns of these progenitors, we made organotypic slices 24 hr after in utero intraventricular injection of GFP-expressing retrovirus at E12.5 and monitored cell divisions by time-lapse microscopy. We were able to observe nine divisions of MGE cells with RG morphology, and in each imaging session, the RG cell divided at the ventricular surface to produce a presumptive IPC that went on to divide in the SVZ ( Figure 1D ). The expression of basic helix-loop-helix (bHLH) transcription factors is required for the specification of cortical interneuron progenitors (Petryniak et al., 2007) . Therefore, we examined bHLH transcription factor expression in cells located in the SVZ of the MGE 48 hr after in utero infection. We found that a majority of GFP-positive cells (85%, n = 3 brains,134 cells) coexpressed the ventral telencephalic progenitor markers Olig2 (20.8%), Mash1 (29.9%), or both (34.3%) (Casarosa et al., 1999; Petryniak et al., 2007) (Figures 1E, S1 , and S2). We also characterized the pattern of cell division of IPCs in the SVZ of the MGE using time-lapse microscopy ( Figure 1F ). We observed 13 divisions of SVZ progenitors, each producing two cells with the bipolar morphology of migrating neurons. During one imaging session, we observed SVZ cells undergoing division to produce two daughter cells that each divided again, resulting in four neuronal progeny (Movie S1). This suggests that IPC divisions contribute to the expansion of neuronal lineages in the MGE similar to the way they contribute to neurogenesis in the dorsal telencephalon (Lui et al., 2011; Noctor et al., 2004; Vasistha et al., 2014) .
A previous study suggested that clonal relationships might regulate the clustering or distribution of sibling interneurons (Brown et al., 2011) . This suggestion raises the possibility that migration of sibling cells may be coordinated. We found that 2-8 hr after birth, pairs of sibling neurons (n = 8) rapidly migrated in multiple directions independent of each other (Movie S1), consistent with previous studies reporting that the trajectories of newborn neurons in the MGE mantle zone vary randomly (Tanaka et al., 2009) . It was not possible to simultaneously track the movement of sibling cells to their final positions due to the distances and speed at which they migrated (Movie S1).
To address the possibility that sibling cells may be intrinsically programmed to reach the same cortical destination, we sought a method whereby clonal progeny could be distinguished in the mature cortex. We were able to specifically label MGE progenitors through the combined use of transgenic mice and retroviral vectors so that only MGE progenitors would be infected. We utilized a genetically modified Replication Competent ASLV long terminal repeat with Splice Acceptor (RCAS) viral vector, combined with transgenic expression of the RCAS cognate receptor TVA in cells of the ganglionic eminence ( Figure 2A ). Under normal conditions, RCAS vectors are only able to infect avian cells (Young et al., 1993) . However, the use of transgenic mice that express the cognate TVA receptor enables the virus to infect mammalian cells (Brown et al., 2011; von Werder et al., 2012) . We used two mutant mouse lines to express TVA in ventral telencephalic progenitors: Olig2-Tva-ires-Cre, in which Tva-ires-Cre is knocked into the Olig2 locus, and Nkx2.1-Cre;LSL-Tva lines (Brown et al., 2011; Schü ller et al., 2008; von Werder et al., 2012; Xu et al., 2008) (Figures 2A and S3 ). We were able to achieve specific and sparse labeling of progenitors in the ganglionic eminences with in utero intraventricular injection of a recombinant GFP-expressing RCAS virus and confirmed that the injection of RCAS into both TVA lines at E12.5 resulted in specific labeling of interneurons in the mature brain ( Figures 2B, 2C , and S3). Most GFP-positive cells co-labeled with the interneuron subtype markers PV and SOM (53.0% and 24.0%, respectively; n = 4 brains, 701 cells) ( Figure 2D ). We chose to focus the rest of our analysis on the Nkx2.1-Cre; LSLTva line because infection was confined to MGE progenitors instead of all ventral telencephalic progenitors, as in the Olig2-Tva-Cre line ( Figures S3A-S3C ).
Upon in utero intraventricular injection of RCAS-GFP into E12.5 Nkx2.1-Cre; LSL-Tva mice, we observed clustering of cortical interneurons in both the mature and developing cortex, consistent with previous reports of clustering of sparse virus-labeled neurons (Brown et al., 2011; Ciceri et al., 2013) (Figures 2E and 2F ). We reasoned that if sibling cells were clustered, we should observe segregation and/or aggregation of virus-labeled cells derived from a common progenitor. To this end, we injected E12.5 embryos from Nkx2.1-Cre;LSL-Tva mice with a mixture of RCAS-GFP:RCAS-mCherry viruses ( Figure 2G ). Our rationale was that we would observe clusters of GFP-and mCherry-positive clonally related clusters dispersed throughout the brain. We harvested the injected brains at P28 and found numerous examples of cell clusters consisting of red, green, and yellow cells ( Figure 2H ). We then measured the cumulative nearest neighbor distribution between cells of the same or different color ( Figure 2I ). We found that different color neighbors were more closely distributed than cells of the same color (p < 0.01, n = 3 brains, 234 cells), suggesting that clustering can occur independently of lineage. However, the true distribution of cells in relation to their clonal siblings cannot be determined with this method because clustered cells sharing the same color could be derived from different progenitors. To directly determine the clonal relationship of clustered interneurons, we utilized an EnvA-pseudotyped retrovirus library carrying oligonucleotide sequence tags or barcodes (Cepko et al., 1995; Fuentealba et al., 2015; Jiang et al., 2013; Walsh and Cepko, 1992) (Figure 3A) . In addition to the barcode sequence, each virus contained a transgene for membrane-bound GFP. The retroviral library, consisting of 10 5 unique 24-bp barcode sequences, was injected in utero into the lateral ventricle of E12.5 Nkx2.1-Cre;LSL-Tva embryos at a concentration between 5 3 10 7 and 5 3 10 5 cfu/ml ( Figure 3B ). Brains of infected transgenic mice were harvested at P28 and sectioned and stained for interneuron subtype markers PV and SOM. The position of each cell and its histological subtype was then recorded (Table S1 ). In order to determine the barcode sequence, each mapped cell was collected by laser capture microdissection, and the viral tag was amplified by nested PCR and sequenced ( Figures 3C-3E ). The clonal, histological, and spatial information was then combined to build 3D maps of GFP-positive cells in the brains of P28 mice ( Figure 3F ). In order to control for contamination and screen for viral silencing, we randomly collected and PCRamplified GFP-negative pieces of tissue for every GFP-positive cell. A very small number of barcodes were detected from GFP-negative tissue (< 1%, n = 701 cells). Between 14 and 234 cells were labeled from each injection (n = 8 hemispheres, 4 brains). Given the number of cells infected in each hemisphere, the probability of neurons containing the same tag arising from two independent progenitor infections is exceedingly low (Cepko et al., 1995; Jiang et al., 2013; Walsh and Cepko, 1992) . Therefore, multiple cells sharing the same barcode are presumed to be clonally related siblings. Amplified and sequenced barcodes were obtained from 302 cells, 30.1% of which were part of a multi-cell clone, defined as two or more cells sharing the same barcode. The majority of individual cells (69.9%) carried unique barcodes, indicating that either they were single cell clones, or we failed to amplify the barcode of their sibling cells. The average size of multi-cell clones was 2.8 cells, with the largest clones containing six cells ( Figure 4A ). Neurons that returned barcode sequence tags were widely dispersed across multiple forebrain structures including the amygdala, cortex, hippocampus, and striatum, with the majority located in the cortex (66.2%, n = 302) ( Figure 4B clones consisting of neurons and glia (data not shown). When we examined the composition of multi-cell clones, we found that nearly 30% consisted of a mixture of PV and SOM subtypes, while fewer than 30% were positive for a single marker, and 20% were negative for both markers ( Figures 4A and 4C ). We were unable to discern a predominant composition of mixed subtype clones, as we observed clones with either PV + or SOM + cells as a major component (Figures 4A , S5A, and S5B).
When examining the spatial distribution of multi-cell clones, we observed that sibling neurons were widely dispersed across different brain structures. Most cells were located hundreds or thousands of microns from their nearest identified sibling cell ( Figures 4A and 4D) . The only observed pair of clonally related cells located in the same 25-mm thick brain section was a pair of glia in the septum, consistent with previous findings of local proliferation of glial progenitor cells ( Figure 4D , Clone 16) . We examined the nearest neighbor distribution of retrovirus-labeled GFP-positive cells by assigning coordinates to each cell during serial section reconstruction and categorizing cells as sibling members of a multi-cell clone, unrelated clones, or cells that did not return a barcode sequence (unknown lineage) ( Figure 4D ; Table S1 ). The average distance between siblings was substantially larger than that of unrelated clones. A substantial portion of multi-cell cortical clones had at least one sibling cell located in a different forebrain structure (42.1%, n = 3 brains), while the remainder of clones were confined to the cortex. We plotted the NND of all cells, regardless of category, and compared them to 500 computer simulations of randomly distributed neurons ( Figure 4E ). We found that between approximately 250-500 mm in NND there were significant differences in the spatial organization of our experimental dataset when compared to randomized simulations (n = 284 cells), suggesting that the overall population distribution is not random, consistent with previous studies (Brown et al., 2011) . Next, we compared the NND of cortical siblings to unrelated cortical clones. We found the NND of cortical sibling clones to have a significantly wider dispersion than unrelated clones (mean 750 mm versus 585 mm, respectively; p = 0.01, n = 2 hemispheres, 216 cells) ( Figure 4E ), suggesting that more closely clustered cells are derived from independent clonal lineages. Taken together, our findings suggest that MGE interneurons derived from a common progenitor are widely dispersed across different regions of the brain and that the majority of clustered cells observed with sparse viral labeling are likely not clonally related.
DISCUSSION
Using retroviral fate mapping and genetic tagging, we followed the development of cortical interneurons to understand the role of clonal relationships in regulating their integration into functional circuitry. Ventral telencephalic RG appear to be the primary neural stem cells, dividing asymmetrically to produce IPCs that subsequently divide symmetrically to expand their numbers, or more frequently, to produce pairs of neurons. These findings suggest significant similarities in the patterns of cell division in the dorsal and ventral regions of the telencephalon. However, there are possible differences in cell cycle dynamics, proliferative potential, and relative proportions of progenitor subtypes that likely lead to differences in SVZ organization and the number of cells produced in each region (Pilz et al., 2013) . The developmental history of clonally related cells in the cortex and MGE diverges significantly once postmitotic neurons are produced. Newborn excitatory neurons derived from the same clonal lineage in the cortex migrate along RG and generally remain closely associated. These neurons remain vertically aligned in the developing rodent brain, allowing them to have continuous contact with their siblings (Noctor et al., 2001) . In contrast, newborn inhibitory interneurons are highly motile and do not appear to maintain an association with their sibling cells. The long distances inhibitory neurons must migrate to reach their target region may preclude the development of sustained connectivity between related cells, which may necessitate alternative strategies for circuit organization independent of lineage relationships.
Dispersion of Clonally Related Interneurons
There has been significant interest in the role that clonal relationships might play in the organization of cortical neurons. It has been previously suggested that clonal identity could influence the connectivity of sibling cells within cortical circuits (Li et al., 2012; Sultan et al., 2014; Yu et al., 2012) . The clustered appearance of radially and horizontally aligned interneurons following sparse viral labeling is visually striking and appears to support the idea that clonal relationships dictate these alignments (Brown et al., 2011; Ciceri et al., 2013) . However, we consistently found that interneuron clones were widely dispersed throughout different forebrain regions and that clustered cells were clonally distinct, suggesting that interneuron clusters observed following sparse retroviral labeling are largely composed of unrelated cells ( Figure 5) . What are the possible reasons for the discrepancy between our interpretation and those of previous studies? The key methodological difference is our use of large numbers of tags to differentiate cells derived from separate clonal lineages. Utilizing a sufficiently complex library of tags is necessary to prevent erroneous assignment of clonal relationships between cells based only on their proximity. This is especially important when tracing the lineage of cells with a broad migratory capacity such as those derived from the MGE. Two previous studies utilized either one or two markers to differentiate cells of different lineages, and it is worth noting that even when utilizing two fluorescent tags for sparse labeling, Ciceri et al. (2013) observed mixing of the two labels in over half of their clusters.
Technical Considerations for Lineage Tracing with Barcodes
Retroviral barcode libraries provide a powerful method for determining lineage relationships in populations of cells regardless of their pattern of migration, but this method has limitations related to gene silencing and cell death. Silencing of the retroviral reporter may be a factor contributing to the small clone size we observed in our analysis. We attempted to survey for silencing by random laser-capture microdissection of GFP-negative tissue. However, given the wide dispersion of clonal cells, our random cell collections likely yielded an underestimate of silencing. A study using the same retroviral reporter used here and systematically examining silencing across large areas of GFP-negative brain tissue found that silencing can account for some reduction in clone size, but notably did not uncover a consistent pattern of silencing (Mayer et al., 2015) . Consistent with previous studies using retroviral barcode libraries, we recovered tags from only a portion of labeled cells-43% of GFP-positive cells (302 out of 701)-a limitation that can also affect determination of clone size and composition (Reid and Walsh, 2002) . While these factors prevent us from drawing conclusions about the true size of the clones or their complete pattern of composition, we do not believe this affects our interpretation. To our knowledge, retroviral silencing is a random event, so if sibling clustering were a dominant mechanism for organization, we would expect some portion of our multi-cell clones to be clustered. However, nearly all of our clonally related cells were widely dispersed, and we observed clustering of unrelated cells. As mentioned above, we sampled a piece of GFP-negative tissue for every cell collected typically within the same field of view as the GFP-positive cell. On the rare occasions when we amplified tags from GFP-negative tissue, the barcode never matched the GFP-positive cell that was nearby. Our findings support the idea that clonal lineage is not the primary determinant for spatial aggregation of MGE-derived interneurons. Our data also suggest that spatial and temporal origin may influence clustering. Nonetheless, we cannot rule out the possibility that a small subpopulation of clonally related cells could be clustered.
In our study, we focused on the distribution of clones in the P28 mouse brain, past the period of cortical interneuron cell death (Southwell et al., 2012) . It is therefore possible that intrinsically determined cell death could play a role in regulating the distribution and composition of interneuron clones. However, it seems unlikely that the pattern of apoptosis has significantly distorted our observed clonal relationships, since similar clusters of sparse retroviral labeled interneurons have been observed both before and after the peak period of cell death (Brown et al., 2011; Ciceri et al., 2013) . The demonstration that clusters include unrelated cells indicates that a mechanism other than lineage contributes to clustering, regardless of a possible role of cell death.
Spatial and Temporal Regulation of Neuronal Organization
How can independently generated, non-related neurons arrive at the same cortical site? One possibility is that the spatial and temporal origin of interneurons might play an instructive role in determining their final position (Ciceri et al., 2013; Marín and Mü ller, 2014) . This possibility raises the question of whether spatial and temporal identities might also dictate circuit relationships between cortical interneurons.
While functionally and histologically distinct PV and SOM interneuron subtypes are both derived from the MGE (Kepecs and Fishell, 2014) , it has been unclear whether they derive from distinct or common progenitor lineages. Our observation that the majority of multi-cell clones consisted of both SOM and PV subtypes suggests that at E12.5 single MGE progenitors generate multiple neuronal subtypes. This has important implications for understanding the cellular mechanisms regulating cell fate determination. Distinct neuronal subtypes might be generated within a single clone in a specific temporal pattern. A temporal pattern of neural subtype production occurs in invertebrates and also in clones of excitatory neurons where deep layer subcortical projection neurons are produced first, followed by superficial layer callosal projection neurons (Bayraktar and Doe, 2013; Kohwi and Doe, 2013; Leone et al., 2008) . Alternatively, two sibling cells sharing the same birthdate could have different cell fates, as has been shown in the retina where intermediate progenitors produce two daughter cells with distinct postmitotic cell fates (Cepko, 2014) . IPCs in the MGE could similarly generate daughter cells of different subtypes. Further studies will be necessary to determine the subtype identity of the daughters of IPC divisions in the MGE.
EXPERIMENTAL PROCEDURES Retrovirus Production and In Utero Injections
Replication-incompetent GFP-expressing retrovirus was produced from a stably transfected packaging line and injected into E12.5 gestation stage pregnant mice, as previously reported (Noctor et al., 2001 ).
Immunostaining and Laser-Microdissection Microscopy
Mice were sacrificed and their brains were processed for immunohistochemistry as previously described. Floating sections (25 mm) were stained with the following primary antibodies: chicken anti-GFP (1:750, Aves Lab) rabbit antisomatostatin (Millipore, 1:750); mouse anti-parvalbumin (Millipore 1:1000). Secondary antibodies used were Alexafluor 488 (1:1,000), 546 (1:500), or 647 (1:500) conjugated donkey anti-mouse, anti-rabbit, or anti-goat (Life Technologies). Sections were mounted in PEN-membrane slides (2 mm, JH Technologies). Individual labeled cells were mapped and laser microdissected with a small amount of surrounding tissue (4,000-6,000 mm 2 ) using a Zeiss to a total of 20 ml. PCR products were cleaned and sequenced using primer SB160. After identification of clones, the positions of selected positive cells were reconstructed in 3D images using Neurolucida (v10.31 MBF Biosciences-MicroBrightField Inc.).
Brain Sectioning, Cortical Slice Culture, Viral Infection on Slice, and Time-Lapse Imaging Retrovirus infected brains were vibratome-sliced, cultured, and imaged as previously described (Noctor et al., 2001 ).
Statistical Analysis GFP-positive cells were assigned coordinates from serial section reconstructions using Neurolucida. After determining the distance between each interneuron and its closest labeled neighbor, we compared these distances to the values expected for a sample of neurons located at random in the same volume. Specifically, for each experiment, the experimental interneuron distribution was compared with 100 simulated distributions, generated by positioning the same number of elements at random locations distributed uniformly in the exact same region of tissue as the experimental condition. NNDs were displayed as cumulative distributions. 
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